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APPARATUS, SYSTEM, AND METHOD FOR 
DYNAMIC LOSS COMPENSATION FOR 

VOLTAGE CONVERTERS 

FIELD 

Embodiments of the present invention relate generally to 
supplying poWer for circuits, and particularly to voltage regu 
lators. 

BACKGROUND 

Electrical devices need poWer to operate. Some devices are 
designed to operate Within a speci?ed operating poWer or 
voltage range. Outside the speci?ed voltage range, the device 
may operate improperly. In situations Where the value of the 
supply voltage is different from the value of the speci?ed 
voltage range of the device, a voltage converter may be used 
to convert the different value of the supply voltage to meet the 
speci?ed voltage range of the device. 
A typical converter usually has some parasitic resistances 

betWeen various circuit nodes of the converter. The parasitic 
resistances may cause a current or voltage loss. The perfor 
mance of the converter may suffer if the loss is improperly 
compensated. In some converters, compensating the loss 
caused by all parasitic resistances is a challenge. 

BRIEF DESCRIPTION OF DRAWINGS 

FIG. 1 shoWs an apparatus having a voltage converter 
according to an embodiment of the invention. 

FIG. 2 is an example timing diagram for FIG. 1 including 
an average voltage value of an output voltage according to an 
embodiment of the invention. 

FIG. 3 is an example timing diagram for FIG. 1 including 
an output voltage range of an output voltage according to an 
embodiment of the invention. 

FIG. 4 shoWs a voltage converter according to an embodi 
ment of the invention. 

FIG. 5, FIG. 6, and FIG. 7 are example timing diagrams for 
FIG. 4 according to an embodiment of the invention. 

FIG. 8 shoWs a voltage converter having multiple compen 
sation resistors according to an embodiment of the invention. 

FIG. 9 shoWs a system according to an embodiment of the 
invention. 

FIG. 10 is a ?owchart shoWing a method according to an 
embodiment of the invention. 

DESCRIPTION OF THE DRAWINGS 

FIG. 1 shoWs an apparatus 100 having a voltage converter 
according to an embodiment of the invention. A control cir 
cuit 110 controls a transfer of poWer from a supply node 101 
to a sWitch node 111. V INis an input voltage representing the 
poWer or voltage at supply node 101. VSWis a sWitch voltage 
representing the voltage at sWitch node 111. An output circuit 
120 receives VSWand provides an output voltage (VOUT) at an 
output node 199. VIN and VOUT may have different voltage 
values. An additional circuit 180 may use VOUT as its supply 
voltage. Control circuit 110 controls the transfer of poWer 
from supply node 101 to sWitch node 111 to control VOUT to 
keep VOUT at an average voltage value of an output voltage 
range. A feedback circuit 130 interacts With control circuit 
110 and output circuit 120 to create the average voltage value 
for VOUT. Feedback circuit 130 may also act as a ?lter to 
reduce a droop of VOUT to control circuit 110. A sense node 
133 has a sense voltage (VSENSE). VSENSE is related to VOUT. 
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2 
In some embodiments, sense node 133 may be directly 
coupled to output node 199 such that VSENSE is substantially 
equal to VOUT. In other embodiments, sense node 133 may be 
coupled to a circuit element (e. g., a voltage divider) of output 
circuit 120 such that VSENSE is proportional to VOUT (e.g., 
VSENSE is less than VOUT). In FIG. 1, based on VSENSE, feed 
back circuit 130 provides feedback information, in the form 
of a feedback voltage (VFB), at feedback node 155. Control 
circuit 110 may compare VFB With a reference voltage (V R EF) 
to control the transfer of poWer from supply node 101 to 
sWitch node 111 to control VOUT. In some embodiments, 
VREFmay be generated by apparatus 100 or by another circuit 
outside apparatus 100. A compensation circuit 140 also uses 
VSENSE and interacts With feedback circuit 130 to condition 
ally modify VFB to further assist control circuit 110 to control 
the transfer of poWer from supply node 101 to sWitch node 
111. Compensation circuit 140 may also compensate for a 
loss in voltage in apparatus 100 in Which the loss may be 
caused by parasitic resistance in apparatus 100. 

In some embodiments, control circuit 110 controls the 
transfer of poWer from supply node 101 to sWitch node 111 by 
controlling the sWitching cycles (periods) at sWitch node 111. 
Each sWitching cycle may include a transferring time interval 
and a suspending time interval. During the transferring time 
interval, control circuit 110 may couple sWitch node 111 to 
supply node 101 through a circuit path Within control circuit 
110 to transfer poWer from supply node 101 to sWitch node 
111. During the suspending time interval, control circuit 110 
may decouple sWitch node 111 from supply node 101 to 
suspend the transfer of poWer from supply node 101 to sWitch 
node 111. By coupling sWitch node 111 to, and decoupling 
sWitch node 111 from, supply node 101 in each switching 
cycle, control circuit 110 controls the voltage value of VSWto 
keep VOUT at the average voltage value and Within the output 
voltage range. 
As shoWn in FIG. 1, apparatus 100 also includes a die 105. 

In some embodiments, die 105 is a semiconductor die (e.g., 
silicon die) in Which some circuit elements of apparatus 100, 
such as control circuit 110, feedback circuit 130, and com 
pensation circuit 140, are formed. FIG. 1 shoWs output circuit 
120 and additional circuit 180 being outside die 105. In some 
embodiments, a portion of output circuit 120 or a portion of 
additional circuit 180 may be formed inside die 105. In other 
embodiments, a portion of output circuit 120 and a portion of 
additional circuit 180 may be formed inside die 105. In some 
other embodiments, both output circuit 120 and additional 
circuit 180 may be formed inside die 105. FIG. 1 also shoWs 
sense node 133 being coupled to output circuit 120 via a 
connection 198. As shoWn in FIG. 1, Where at least a portion 
of output circuit 120 is outside die 105, at least a portion of 
connection 198 may be is outside die 105 and outside output 
circuit 120. In some embodiments, at least a portion of con 
nection 198 may be formed on a circuit board. The arrange 
ment of apparatus 100 may alloW for a ?exible placement of 
compensation circuit 140 or sense node 133 or both so that 
compensation for the voltage loss caused by the parasitic 
resistances may be improved. For example, compensation 
circuit 140 or sense node 133 may be located as close as 
possible to output node 199 or to additional circuit 180. 
Control circuit 110, feedback circuit 130, compensation cir 
cuit 140, and at least a portion of output circuit 120 may 
represent the voltage converter of apparatus 100. 

FIG. 2 is an example timing diagram for FIG. 1 including 
an average voltage value of VOUT. In FIG. 2, V1, V3, V5, and 
V6 represent voltage values (volts). FIG. 2 shoWs sWitching 
cycles 202 and 204 With suspending time intervals 218 and 
228 and transferring time intervals 216 and 226. FIG. 2 shoWs 
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VIN, VSW, and VOUTon the same timing diagram for purposes 
of describing FIG. 1. The positions of V1, V3, V5, and V6 on 
the vertical voltage axis are unrelated to the voltage values of 
V1, V3, V5, and V6. For example, although V3 is shoWn in a 
loWer position than V1, V3 may be greater than V1. 

Regarding FIG. 1 and FIG. 2, during each of the suspend 
ing time intervals 218 and 228, control circuit 110 decouples 
sWitch node 111 from supply node 101, causing the voltage 
value of VSWto be at V1. During each of the transferring time 
intervals 216 and 226, control circuit 110 couples sWitch node 
111 to supply node 101, causing the voltage value of VSWto 
be at V5. In some embodiments, V1 may be ground and V5 is 
greater than V1 . As shoWn in FIG. 2, VOUT and V IN maintain 
at voltage values V3 and V6, respectively, While V SWchanges 
betWeen V1 and V5. As described in FIG. 1, control circuit 
110 controls the sWitching cycles at sWitch node 111 to con 
trol the voltage value of VSW to keep VOUT at an average 
voltage value and Within an output voltage range. In FIG. 2, 
V3 indicates the average voltage value of VOUT. 

FIG. 3 is an example timing diagram for FIG. 1 including 
the output voltage range of VOUT. In FIG. 3, V2, V3, and V4 
represent voltage values. FIG. 3 also shoWs sWitching cycles 
302 and 304 With suspending time intervals 318 and 328 and 
transferring time intervals 316 and 326. V3 represents the 
average voltage value of VOUT. FIG. 3 shoWs an output volt 
age range 399 of V0 UTWiIh V2 being the loWer voltage value 
of output voltage range 399 and V4 being the upper voltage 
value of output voltage range 399. In some embodiments, the 
difference betWeenV4 andV2 may be less than 2% of V3. For 
example, the difference betWeen V4 and V2 may be less than 
18 millivolts WhenV3 is about 0.9 volts. As described in FIG. 
1, control circuit 110 controls the switching cycles (e.g., 302 
and 304 in FIG. 3) at sWitch node 111 to keep VOUT at an 
average voltage value (e. g., V3 in FIG. 3) and Within an output 
voltage range (e.g., 399 in FIG. 3). In some embodiments, 
apparatus 100 of FIG. 1 may include embodiments of FIG. 4 
and FIG. 8 described beloW. 

FIG. 4 shoWs a voltage converter 400 according to an 
embodiment of the invention. A control circuit 410 includes a 
controlling unit 412 to provide a feedback indication at each 
of the nodes 413 and 415 to selectively turn on and off 
sWitches 416 and 418 of a sWitching unit 414. Controlling 
unit 412 provides the feedback indication at nodes 413 and 
415 based on a feedback voltage (VFB). In some embodi 
ments, controlling unit 412 may compare VFB With a refer 
ence voltage (VREF) to provide the feedback indication based 
on the result of the comparison. VREF may be generated by 
voltage converter 400 or by another circuit outside voltage 
converter 400. In some embodiments, VREF may be set to a 
voltage value that is substantially equal to the average voltage 
value ofVOUT. In FIG. 4, the feedback indication at nodes 413 
and 415 corresponds to either a high signal level or a loW 
signal level at each of the nodes 413 and 415. SWitches 416 
and 418 are turned on or off based on the high and loW signal 
levels at nodes 413 and 415. For example, sWitch 416 is 
turned on When node 413 has a high signal level and turned off 
When node 413 has a loW signal level. When one sWitch (e. g., 
416) is turned on, the other sWitch (418) is turned off. In some 
embodiments, sWitches 416 and 418 may include transistors. 
A sWitch node 411 is coupled to a supply node 401 through 

a circuit path 417 When sWitch 416 is turned on, and 
decoupled from supply node 401 When sWitch 416 is turned 
off. SWitch node 411 is coupled to a supply node 403 through 
a circuit path 419 When sWitch 418 is turned on, and 
decoupled from supply node 403 When sWitch 418 is turned 
off. Controlling unit 412 may be con?gured such that it turns 
on only one of the sWitches 416 and 418 at a time. In some 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

4 
embodiments, controlling unit 412 may be con?gured such 
that it turns off both sWitches 416 and 418 before it turns on 
one of the sWitches (e.g., either 416 or 418) to avoid conten 
tion at sWitch node 411. In some embodiments, controlling 
unit 412 may include a comparator With a sWitching hysterisis 
control circuitry such that controlling unit 412 maintains the 
status of sWitches 416 and 418 When VFB is greater than a 
loWer feedback voltage value and less than an upper feedback 
voltage value of the feedback voltage range. In the embodi 
ments With the sWitching hysterisis control circuitry, control 
unit 412 may change the status of sWitches 416 and 418 only 
When VFB reaches the loWer feedback voltage value or the 
upper feedback voltage value of the feedback voltage range. 
For example, controlling unit 412 may turn on sWitch 416 
When V FB reaches the loWer feedback voltage value and turn 
on sWitch 418 When VFB reaches the upper feedback voltage 
value of the feedback voltage range. 
An output circuit 420 in FIG. 4 includes an inductor 424 

and a capacitor 426 to provide an output voltage VOUT at an 
output node 499. In some embodiments, VOUT may have an 
average voltage value Within an output voltage range. 
A feedback circuit 430 includes a resistor 432 and a capaci 

tor 434 to provide V FB at a feedback node 455. VFB is related 
to a sense voltage VSENSE at a sense node 433 such that the 
voltage value of VFB folloWs the voltage value of VSENSE. In 
the embodiment represented by FIG. 4, sense node 433 is 
coupled to output node 499 via a connection 498. Therefore, 
VSENSE may be substantially equal to VOUT. As described 
above, controlling unit 412 uses VFB, Which is provided by 
feedback circuit 430, to control the sWitching of sWitches 416 
and 418 to control VOUT. 
A compensation circuit 440 includes a resistor 442, a 

sWitch 444, and a comparator 446. Comparator 446 controls 
sWitch 444 based on the result of the comparison betWeen 
VSENSE and VREF. Comparator 446 provides node 447 With a 
compensation indication, Which is the result of the compari 
son betWeen VSENSE and VREF. The compensation indication 
at node 447 may correspond to either a high signal level or a 
loW signal level at node 447. By opening and closing circuit 
path 445 betWeen feedback node 455 and supply node 403 
based on the compensation indication, compensation circuit 
440 may either alloW or prevent a current to How betWeen 
feedback node 455 and supply node 403. The VFB at feedback 
node 455 is modi?ed When circuit path 445 is opened and 
closed. Thus, by controlling sWitch 444, compensation circuit 
440 modi?es the voltage value of VFB. In some embodiments, 
compensation circuit 440 may be con?gured such that the 
time interval of sWitch 444 being turned on is less than the 
sWitching cycle (period) at sWitch node 411. Since control 
circuit 410 uses VFB to control the sWitching cycles at sWitch 
node 411 to controlVoUz, and since compensation circuit 440 
modi?es VFB, compensation circuit 440 also affects the con 
trol of the sWitching cycles at sWitch node 411 to control 
VOUT. In some embodiments, sWitch 444 may include tran 
sistors. 

Resistor 442 of compensation circuit 440 may be referred 
to as a compensation resistor. As shoWn in FIG. 4 circuit path 
417 may have a parasitic resistance 466 betWeen supply node 
401 and sWitch node 411; circuit path 419 may have a para 
sitic resistance 477 betWeen sWitch node 411 and supply node 
403; and inductor 424 may have a parasitic resistance 488 
betWeen sWitch node 411 and output node 499. Parasitic 
resistance 466 may include a resistance across sWitch 416 
When sWitch 416 is turned on. Parasitic resistance 477 may 
include a resistance of sWitch 418 When sWitch 418 is turned 
on. 
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A voltage loss or voltage drop may exist in each of these 
parasitic resistances 466, 477, and 488. Thus, the output 
current betWeen sWitch node 411 and output node 499, and 
the output VOUT may be affected When voltage converter 400 
operates. With the arrangements of the circuit elements of 
voltage converter 400 as shoWn in FIG. 4, voltage converter 
400 may compensate for the voltage loss in the circuit net 
Work betWeen supply node 401 and output node 499 in Which 
the voltage loss may include the voltage loss caused by para 
sitic resistances 466, 477, and 488. With the arrangement of 
voltage converter 400 as shoWn in FIG. 4, the compensation 
by voltage converter 400 may be independent of the input 
voltage V IN at supply node 401, independent of the source and 
location of the voltage loss, independent of the output current 
at output node 499, and relatively fast and e?icient during 
each sWitching cycle at sWitch node 411. 

FIG. 5, FIG. 6, and FIG. 7 are example timing diagrams for 
FIG. 4. FIG. 5 shoWs VOUT having an average voltage value 
V7 and an output voltage range 599. FIG. 6 ShOWSVSENSE and 
VREF. Since sense node 433 of FIG. 4 is coupled to output 
node 499, VSENSE may folloW the direction of VOUZ, as shoWn 
in FIG. 5 and FIG. 6. VREF in FIG. 6 may be an average of 
VSENSE. In some embodiments, VREF in FIG. 6 may corre 
spond to V7 of FIG. 5. FIG. 7 shoWs VFB having a feedback 
voltage range 755 With V8 and V10 being the loWer voltage 
value and upper voltage value of feedback voltage range 755. 
VREF may be an average of VFB. In some embodiments, 
feedback voltage range 755 may be the voltage range of a 
sWitching hysterisis control circuitry of controlling circuit 
412 of FIG. 4. FIG. 7 also shoWs sWitching cycle 702 With a 
suspending time intervals 718 and a transferring time interval 
716, and switching cycle 704 With a suspending time intervals 
728 and a transferring time interval 726. During time intervals 
718 and 728, sWitch 418 may be turned on and sWitch 416 
may be turned off. During time intervals 716 and 726, sWitch 
418 may be turned off and sWitch 416 may be turned on. 

Voltage converter 400 of FIG. 4 operates to maintain VOUT 
Within output voltage range 599 as shoWn in FIG. 5. 

At time T0 in FIG. 5, FIG. 6, and FIG. 7, for purposes of 
describing the operation of voltage converter 400 of FIG. 4, it 
is assumed that sWitch 416 is turned off, meaning that sWitch 
node 411 is decoupled from supply node 401; sWitch 418 is 
turned on, meaning that sWitch node 411 is coupled to supply 
node 403 through circuit path 419; sWitch 444 is turned off, 
meaning that circuit path 445 is open; it is also assumed that 
VOUTis greater than the average voltage V7, as shoWn in FIG. 
5; VSENSE is greater than VREF, as shoWn in FIG. 6; and VFB 
is greater than VREF, as shoWn in FIG. 7. 

In FIG. 5, from time T0 to time T1, VOUTmay decrease and 
become less than V7 at time T1. In FIG. 6, from time T0 to 
time T1, VSENSE may also decrease and become less than 
VREF at time T1. In FIG. 7, from time T0 to time T1, VFB may 
also decrease and become less thanVREF at time T1 . Although 
VFB is less than VREF at time T1, VFB is still greater than V8 
at time T1. Therefore, at time T1 controlling unit 412 (FIG. 4) 
still maintains the status of sWitches 416 and 418 such that 
sWitch node 411 is still being coupled to supply node 403. 
As described above in FIG. 4, comparator 446 may turn on 

sWitch 444 When VSENSE is less than VREF, indicating that 
VOUT may be less than its average voltage value. Thus, When 
VSENSE is less than VREF, at time T1 in FIG. 6, comparator 
446 turns on sWitch 444. As a result, circuit path 445 is closed. 
A current ?oWs from feedback node 455 to supply node 403, 
creating a voltage drop across resistor 442. The voltage drop 
modi?es VFB such that the voltage value of VFB is decreased 
and may reach the loWer feedback voltage V8, as shoWn in 
FIG. 7. 
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6 
At time T2 in FIG. 7, sinceVFB reachesV8, controlling unit 

412 changes the status of sWitches 416 and 418 by turning off 
sWitch 418 and turning on sWitch 416 at the start of suspend 
ing time interval 716. Circuit path 419 is opened When sWitch 
418 is turned off at time T2 thereby decoupling sWitch node 
411 from supply node 403. Circuit path 417 is closed When 
sWitch 416 is turned on at time T2 thereby coupling sWitch 
node 411 to supply node 401. The voltage value of VOUT 
begins to increase When sWitch node 411 is coupled to supply 
node 401. As shoWn in FIG. 5, VOUTmay begin to increase at 
time T2. 

Referring to FIG. 7, VFB reaches V8 after compensation 
circuit 440 turns on sWitch 444 at time T1. If compensation 
circuit 440 is omitted from FIG. 2, VFB may reach V8 at time 
T3 (Which is later than T2) because VFB may not be affected 
by a voltage drop at time T1 such as the voltage drop across 
resistor 442. Therefore, if compensation circuit 440 is omit 
ted from FIG. 4, the start of suspending time interval 716 may 
be delayed until time T3, thereby VOUT may not change 
direction to go back to the average voltage V7 until time T3. 
Compensation circuit 440, as described above, dynamically 
creates circuit path 445 to reduce the voltage value of VFB 
When VSENSE is less than VREF (e.g., at time T1) to cause 
controlling unit 412 to turn on sWitch 416 earlier than in the 
situation Where compensation circuit 440 is omitted from 
FIG. 2. Thus, the start of suspending time interval 716 may 
also be earlier (e.g., at time T2 instead of time T3), thereby 
VOUTmay change direction to go back to the average voltage 
value V7 earlier than in the situation Where compensation 
circuit 440 is omitted from FIG. 2. 

In FIG. 5, from time T2 to time T5, VOUT may increase. In 
FIG. 6, from time T2 to time T5, V SENSE may increase. At time 
T4, VSENSE may become greater than VREF. In FIG. 4, When 
VSENSE is greater than VREF, comparator 446 turns off sWitch 
444.As a result, circuit path 445 is opened. In FIG. 7, betWeen 
time T2 and T5, VFB may increase and reach the upper feed 
back voltage value V1 0 at time T5. The situation from time T5 
is similar to the situation from time T0. Thus, the operation of 
voltage converter 400 from time T5 may be similar to that 
from time T0. That is, voltage converter 400 of FIG. 4 oper 
ates to maintain VOUT Within output voltage range 599 as 
shoWn in FIG. 5. 

As described in FIG. 1 through FIG. 7, apparatus 100 and 
voltage converter 400 control VOUT by sensing VSENSE 
(Which is based onVOUT) and modifying the feedback voltage 
VFB to control the sWitching cycle (eg 702 and 704 in FIG. 
7) at sWitch node 411 to control VOUT. Therefore, in control 
ling the sWitching cycle at sWitch node 411 to control VOUZ, 
voltage converter 400 may not use a pulse Width modulation 
circuit, in Which the pulse Width modulation circuit may have 
a signal With a predetermined or non-varying frequency to 
control the sWitching cycle (or duty cycle) at sWitch node 411. 
Since voltage converter 400 may not use a pulse Width modu 
lation circuit With signal having a predetermined or non 
varying frequency, apparatus 100 and voltage converter 400 
may alloW for a relatively faster response to the condition 
(e.g., a decrease in voltage value of VOUT) at output node 499. 

FIG. 8 shoWs a voltage converter 800 having multiple 
compensation resistors according to an embodiment of the 
invention. Voltage converter 800 includes a control circuit 
810, an output circuit 820, a feedback circuit 830, and a 
compensation circuit 840. Voltage converter 800 senses 
VSENSE to modify VFB to control the sWitching cycles at 
sWitch node 811 so that VOUT is Within an output voltage 
range. Control circuit 810 includes a comparator 814 having 
a sWitching hysterisis control circuitry. In some embodi 



US 7,550,956 B2 
7 

ments, comparator 814 may be used in controlling unit 412 of 
voltage converter 400 of FIG. 4. 

In FIG. 8, comparator 814 may cause drivers 826 and 828 
to change the status of sWitches 816 and 818 When VFB 
reaches a loWer or an upper feedback voltage value of a 
feedback voltage range of VFB. Compensation circuit 840 
includes comparator 846, multiple resistors 842 and 852, and 
sWitches 844 and 854. Switch 854 is controlled by a logic 
AND gate 862 based on a ?rst combination of the signal levels 
at node 815 and 847. SWitch 844 is controlled by a logic AND 
gate 864 and an inverter 874 based on a second combination 
of the signal levels at node 815 and 847. The signal level at 
node 815 represents a feedback indication from a result of the 
comparison betWeen VFB and VREF in Which the comparison 
is performed by comparator 846. The signal level at node 847 
represents a compensation indication from a result of the 
comparison betWeen VSENSE and VREF. With arrangement of 
voltage converter 800 as shoWn in FIG. 8, sWitches 844 and 
854 are alternatively turned on such that one sWitch (e. g., 844) 
is turned on When node 815 has a loW signal level and the 
other sWitch (e.g., 854) is turned on When node 815 has a high 
signal level, providing that node 847 has a high signal level 
When sWitch 844 or 854 is turned on. 

Voltage converter 800 may have parasitic resistances such 
as those of voltage converter 400 of FIG. 4. For example, 
voltage converter 800 may have parasitic resistances betWeen 
supply node 801 and supply node 803 and betWeen sWitch 
node 811 and node 899. Resistors 842 and 852 may be 
referred to as compensation resistors. The arrangement of 
voltage converter 800 as shoWn in FIG. 8 may alloW the value 
resistors 842 and 852 to be independently chosen to improve 
the compensation for the parasitic resistances of voltage con 
verter 800. Further, the ef?ciency of voltage converter 800 
may also be determined by choosing the values for resistors 
832, 842, and 852, and the siZe of sWitches 844 and 854. In 
embodiments Where sWitches 844 and 854 are ?eld effect 
transistors, the siZe of sWitches 844 and 854 may be deter 
mined by transistor channel length, transistor channel Width, 
or the ratio of the transistor channel length to transistor chan 
nel Width. 

FIG. 9 shoWs a system according an embodiment of the 
invention. System 900 includes a poWer source 901 to provide 
an input voltage VIN, voltage regulators 912, 914, and 916, 
each providing an output voltage VOUT based on VIN, a pro 
cessing unit 910, a memory device 920, a memory controller 
930, a graphics controller 940, an input and output (I/O) 
controller 950, a display 952, a keyboard 954, a pointing 
device 956, a peripheral device 958, and a bus 960. System 
900 also includes a circuit board 902 on Which some compo 
nents of system 900 are located, as shoWn in FIG. 9. PoWer 
source 901 may be provided by an alternating current to direct 
current (AC to DC) converting circuitry or by a battery. 
Memory device 920 may be a dynamic random access 
memory (DRAM) device, a static random access memory 
(SRAM) device, a ?ash memory device, or a combination of 
these memory devices. I/O controller 950 may include a 
communication module for Wired or Wireless communica 
tion. 

FIG. 9 shoWs three voltage regulators 912, 914, and 916 as 
an example. In some embodiments, system 900 may include 
additional voltage regulators similar to voltage regulators 
912, 914, and 916. The additional voltage regulators may 
receive VIN from poWer source 901 to provide an output 
voltage, such as Vow, to other components of system 900 
(e.g., memory controller 930 and I/O controller 950). The 
voltage values of VOUT from the additional voltage regulators 
of system 900 may have the same or different voltage values. 
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8 
Processing unit 910 includes a core circuit 980 to process 

data transferred to and from other components via bus 960. 
Core circuit 980 may include an embodiment of additional 
circuit 180 of FIG. 1. In FIG. 9, processing unit 910 may 
include a general purpose processor or an application speci?c 
integrated circuit (ASIC). FIG. 9 shoWs processing unit 910 
having one core circuit 980 as an example. In some embodi 

ments, processing unit 910 may include multiple core cir 
cuits, such as a multiple of core circuit 980, in Which each of 
the multiple core circuits may receive VOUTfrom one or more 
voltage regulators similar to voltage regulators 912 and 914. 

In some embodiments, at least one of the voltage regulators 
912, 914, and 916 may include embodiments of apparatus 
100 (FIG. 1) and voltage converters 400 and 800 (FIG. 4 and 
FIG. 8). Thus, at least one of the voltage regulators 912, 914, 
and 916 may include a control circuit, a feedback circuit, a 
compensation circuit, and an output circuit such as those of 
apparatus 100 and voltage converters 400 and 800. 

FIG. 9 shoWs each of the voltage regulators 912, 914, and 
916 as a single component separated from other components. 
In some embodiments, in at least one of the voltage regulators 
912, 914, and 916, one or more portions of the voltage regu 
lator may be incorporated into other components or may be 
located on circuit board 902. For example, an output circuit of 
voltage regulator 912 (such as output circuit 120, 420, or 820 
of FIG. 1, 2, or 8) may be located outside voltage regulator 
912 (e.g., on circuit board 902). 

In other embodiments, in at least one of the voltage regu 
lators 912, 914, and 916, at least a portion of the output circuit 
of the voltage regulator (e.g., the inductor, the capacitor, or 
both) may be located outside the voltage regulator (e.g., on 
circuit board 902) and the rest of voltage regulator may be 
incorporated into other components. For example, in the out 
put circuit of voltage regulator 912, the inductor, the capaci 
tor, or both may be located outside voltage regulator 912 and 
the rest of voltage regulator 912 may be incorporated into 
processing unit 910. 

FIG. 9 shoWs multiple voltage regulators 912 and 914 
coupled to core circuit 980 of processing unit 910 as an 
example. In some embodiments, one voltage regulator or 
more than tWo voltage regulators (similar to voltage regula 
tors 912 and 914) may be coupled core circuit 980. As shoWn 
in FIG. 9, voltage regulators 912 and 914 are coupled to 
different circuit areas 922 and 924 of core circuit 980.Voltage 
regulators 912 and 914 may have the same value or different 
values for VOUT. Using multiple voltage regulators in one 
processing unit, such as processing unit 910, may improve 
poWer management for processing unit 910. For example, 
When circuit area 922 of core circuit 980 is inactive, voltage 
regulator 912 may be deactivated to save poWer. 

System 900 may include computers (e.g., desktops, lap 
tops, hand-helds, servers, Web appliances, routers, etc.), 
Wireless communication devices (e. g., cellular phones, cord 
less phones, pagers, personal digital assistants, etc.), com 
puter-related peripherals (e.g., printers, scanners, monitors, 
etc.), entertainment devices (e.g., televisions, radios, stereos, 
tape and compact disc players, video cassette recorders, cam 
corders, digital cameras, MP3 (Motion Picture Experts 
Group, Audio Layer 3) players, video games, Watches, etc.), 
and the like. 

FIG. 10 is a ?owchart shoWing a method 1000 according to 
an embodiment of the invention. In some embodiments, 
method 1000 may be used in apparatus 100 ofFIG. 1, voltage 
converters 400 and 800 ofFIG. 4 and FIG. 8, and system 900 
of FIG. 9. Thus, the circuit elements used in method 1000 may 
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include the circuit elements of the embodiments of apparatus 
100, voltage converters 400 and 800, and system 900 as 
described above. 

In method 1000 of FIG. 10, activity 1010 transfers an input 
voltage to a ?rst terminal of an inductor during a switching 
cycle. Activity 1020 generates an output voltage at a second 
terminal of the inductor. Activity 1030 generates a feedback 
voltage based on the output voltage. Activity 1040 senses the 
output voltage to provide a compensation indication. Activity 
1050 modi?es the feedback voltage based on the compensa 
tion indication. Activity 1060 controls the sWitching cycle 
based on the compensation indication to adjust the output 
voltage. 

The individual activities of method 1000 do not have to be 
performed in the order shoWn or in any particular order. Some 
activities may be repeated, and others may occur only once. 
Various embodiments of the invention may have more or 
feWer activities than those shoWn in FIG. 10. For example, in 
some embodiments, method 1000 may include the activities 
or operations of apparatus 100, voltage converters 400 and 
800, and system 900 as described in FIG. 1 through FIG. 9. 

The above description and the draWings illustrate some 
speci?c embodiments of the invention suf?ciently to enable 
those skilled in the art to practice the embodiments of the 
invention. Other embodiments may incorporate structural, 
logical, electrical, process, and other changes. In the draW 
ings, like features or like numerals describe substantially 
similar features throughout the several vieWs. Examples 
merely typify possible variations. Portions and features of 
some embodiments may be included in, or substituted for, 
those of others. Many other embodiments Will be apparent to 
those of skill in the art upon reading and understanding the 
above description. Therefore, the scope of various embodi 
ments of the invention is determined by the appended claims, 
along With the full range of equivalents to Which such claims 
are entitled. 

What is claimed is: 
1. An apparatus comprising: 
a ?rst supply node to receive an input voltage; 
a sWitch node to provide a sWitch voltage to an output 

circuit; 
a sense node to provide a sense voltage based on an output 

voltage at an output node of the output circuit; 
a control circuit to couple the sWitch node to the ?rst supply 
node through a ?rst circuit path based on a feedback 
voltage, and to decouple the sWitch node from the ?rst 
supply node based on the feedback voltage, Wherein the 
control circuit is con?gured to couple the sWitch node to 
the ?rst supply node in a ?rst time interval of a sWitching 
cycle, and con?gured to decouple the sWitch node from 
the ?rst supply node in a second time interval of the 
sWitching cycle, and Wherein the compensation circuit is 
con?gured to modify the feedback voltage for a time 
interval less than a time interval of the sWitching cycle; 

a feedback circuit including a feedback node to provide the 
feedback voltage based on the sense voltage; and 

a compensation circuit to modify the feedback voltage 
based on the sense voltage, Wherein compensation cir 
cuit includes a circuit path coupled betWeen the feed 
back node and a second supply node, and Wherein the 
circuit path is con?gured to be opened and closed to 
modify the feedback voltage. 

2. An apparatus comprising: 
a ?rst supply node to receive an input voltage; 
a sWitch node to provide a sWitch voltage to an output 

circuit; 
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10 
a sense node to provide a sense voltage based on an output 

voltage at an output node of the output circuit; 
a control circuit to couple the sWitch node to the ?rst supply 

node through a ?rst circuit path based on a feedback 
voltage, and to decouple the sWitch node from the ?rst 
supply node based on the feedback voltage; 

a feedback circuit including a feedback node to provide the 
feedback voltage based on the sense voltage, a resistor 
coupled betWeen the sWitch node and the feedback node 
and a capacitor coupled betWeen the feedback node and 
the sense node; and 

a compensation circuit to modify the feedback voltage 
based on the sense voltage. 

3. The apparatus of claim 2, Wherein the compensation 
circuit includes: 

a resistor coupled betWeen the feedback node and a second 
supply node; 

a sWitch coupled betWeen the feedback node and the sec 
ond supply node; and 

a comparator to control the sWitch based on the sense 
voltage. 

4. The apparatus of claim 3 Wherein the sense node is 
con?gured to provide the sense voltage of a ?rst voltage value 
at a ?rst time, a second voltage value at a second time, and 
Wherein the compensation circuit is con?gured to modify the 
feedback voltage only When the sense voltage is less than an 
average voltage value of the ?rst voltage value and the second 
voltage value. 

5. The apparatus of claim 4, Wherein the output circuit 
includes: 

an inductor coupled betWeen the sWitch node and the out 
put node of the output circuit; and 

a capacitor coupled betWeen the output node of the output 
circuit and the second supply node. 

6. An apparatus comprising: 
a ?rst supply node to receive an input voltage; 
a sWitch node to provide a sWitch voltage to an output 

circuit; 
a sense node to provide a sense voltage based on an output 

voltage at an output node of the output circuit; 
a control circuit to couple the sWitch node to the ?rst supply 

node through a ?rst circuit path based on a feedback 
voltage, and to decouple the sWitch node from the ?rst 
supply node based on the feedback voltage, Wherein the 
control circuit includes a comparator to compare the 
feedback voltage With a reference voltage to provide a 
feedback indication and a sWitching unit responsive to 
the feedback indication to couple the sWitch node to the 
?rst supply node and to decouple the sWitch node from 
the ?rst supply node; 

a feedback circuit including a feedback node to provide the 
feedback voltage based on the sense voltage; and 

a compensation circuit to modify the feedback voltage 
based on the sense voltage, Wherein the control circuit 
includes: 
a ?rst resistor coupled betWeen the feedback node and a 

second supply node; 
a comparator to compare the sense a voltage With the 

reference voltage to provide a compensation indica 
tion; 

a ?rst sWitch coupled betWeen the feedback node and the 
second supply node and responsive to a ?rst combi 
nation of the feedback indication and the compensa 
tion indication; 

a second resistor coupled betWeen the sense node and 
the second supply node; and 
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a second switch coupled between the sense node and the 
second supply node and responsive to a second com 
bination of the feedback indication and the compen 
sation indication. 

7. The apparatus of claim 6 further comprising: 
a ?rst logic gate having a ?rst input node coupled to an 

output node of the comparator of the control circuit, a 
second input node coupled to an output node of the 
comparator of the compensation control circuit, and an 
output coupled to the ?rst sWitch; and 

a second logic gate having a ?rst input node coupled to the 
output node of the comparator of the control circuit via 
an inverter, a second input node coupled to the output 
node of the comparator of the compensation control 
circuit, and an output coupled to the second sWitch. 

8. A system comprising: 
a ?rst supply node to receive an input voltage; 
an output circuit having an output node; 
a sWitch node coupled to the output circuit; 
a sense node coupled to the output node; 

a control circuit to couple the sWitch node to the ?rst supply 
node through a ?rst circuit path based on a feedback 
voltage, and to decouple the sWitch node from the ?rst 
supply node based on the feedback voltage; 

a feedback circuit including a feedback node to provide the 
feedback voltage based on a voltage at the sense node; 

a compensation circuit to modify the feedback voltage 
based on the voltage at the sense node, compensation 
circuit including a circuit path coupled betWeen the 
feedback node and a second supply node, the circuit path 
con?gured to be opened and closed to modify the feed 
back voltage; 

a core circuit coupled to the output node; and 

a random access memory device coupled to the core cir 
cuit. 

9. The system of claim 8, Wherein the control circuit, the 
feedback circuit, the compensation circuit, and the sense node 
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are located on a semiconductor die, and Wherein at least a 
portion of the output circuit is located outside the semicon 
ductor die. 

10. The system of claim 9, Wherein the output circuit 
includes: 

an inductor coupled betWeen the sWitch node and the out 
put node; and 

a capacitor coupled betWeen the output node and a second 
supply node. 

11. The system of claim 10, Wherein the sense node is 
coupled to the inductor of the output circuit via a connection, 
Wherein at least a portion of the connection is located outside 
the semiconductor die and outside the output circuit. 

12. A method comprising: 
transferring an input voltage to a ?rst terminal of an induc 

tor during a sWitching cycle; 
generating an output voltage at a second terminal of the 

inductor; 
generating a feedback voltage based on the output voltage; 
sensing the output voltage to provide a compensation indi 

cation; 
modifying the feedback voltage based on the compensa 

tion indication, Wherein the feedback voltage is gener 
ated at a feedback node, and Wherein modifying includes 
at least one of opening and closing a circuit path betWeen 
the feedback node and a supply node; and 

controlling the sWitching cycle based on the compensation 
indication to adjust the output voltage. 

13. The method of claim 12, Wherein controlling the 
sWitching cycle is performed in the absence of a signal With a 
non-varying frequency. 

14. The method of claim 12, Wherein modifying the feed 
back voltage includes reducing the feedback voltage. 

15. The method of claim 12, Wherein the closing the circuit 
path is performed When the feedback voltage is less than an 
average value of the output voltage. 

16. The method of claim 12, Wherein the circuit path is 
closed for only a portion of the sWitching cycle. 

* * * * * 


